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ABSTACT

This reycrt in contained in tvo separate perts.

Part 1, Tezrinal Ballistic Xffect,, presents a summary of the
lava, armeters ande equations associated with conventionl kill
wecbaninms.

Part I, Warbead Texuinal Bllisatic Perfmuance, presents
specific MAR varhead descriptions and be: '.c data on varhead termi-
na. ballistic performance for approximately fort.-seven Quided
Missile Warheeda, Bombs, Rocket Warheads, and Projectile.

'1~ 9
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POW~"ORDl

The Bureau of Naval. Weapons assigned to the Nval Weapons
Laboratory, by BWUPS IW•= T• M -42-003/210-l/FP08-08-006, a
task with the objectives of (1) establishing ant maintaining a
handbook of terminal ballistic performance dats for all current
nonnuclear ordnance, (2) developing and defining generalized
lethality criteria suitable for the specification or determination
of warhead terminal ballistic performance, and (3) Improvin g ro-
jectiles and rocket warheads, utilizing current devloweats in
warhead technology.

Thin Is t.h first formal rezort on the assigned task an.. is
limited to objective (1) discussed above. * 1 M-eort ia cratined
in two separate parts. Part I, Terminal Ballistic Efects, pre-
sents a sumary of the awo, paramters and equations +-,ýMz ted
with conventional kill mechanisms. Part 3I, Warhead Temi.nal Bal-
lltic Perfo•mance, presents a descrlption of specific XMMX wat-
heads and includes all available data collected and analyzed by the
tire of publication. Additional data and discussions not included
In this preliminary publication are scheduled for inclusion by
future revision or publicatlon. The cltae a&! of this publica.
tion Is to provide data on warhead terainal ballistic performance
in a form and quantity which will be imsediately useful in pre-
paring directives or guides for conventional weapons selectton
and in condiujting weapon effectiveness studies.

This report has been reviewed by t& folloing personnel of
the Warhead and Terminal Ballistics Laboratory:

C. A. COOPM, Acting Chief, Project Engineering ranch
W. W. MEMO, Read, Development Division
W. G. SCM, Assist•.+. 1rr Theory and Analysis
V. E. McK=, Assistant Director for Technical Aplications
R. 1. ROSAM, Director

/5 ,J2 . m..: I
AAtrC
•.•chnical Direct=r

viii _ _____
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S flI'ODUCTION - PART Ij

This part of the Preliminary Ra-dbook of Warh Terminal EBl-
listic Performance contains summary discussions of conventional
kill mechManis. These su•-ies include discussions of the basiclaws and paramters associated with the kill mechanisms.

The discuscions included in this edi.on of the handbook are
presented in four sections:

Section 1 - Fragentation

Sectiun 2 - Blast

Section 3 - Penetration

Section 4 - Shaped Charges

Section 1, Fragmentation, provid.ns discussions of the theories
concerned with the natural fragmentation of conventional warheads
and presents experimental data for determining the values of the
constants utilized in the theoretical discussime.

Section 2, Blast, is scheduled to include discussions concern-
ing Blast-External, Blast-Internal, Parth Shock, Crstering, and
Blast Measurements. However, this preliminr edition only pre-
sents a review of the theories and exper•-•antal data concerned with
the effects that such parameters as charge cmpoelition, charge geo-
metry, casing material, atmospheric pressure and t wprtumre and
mach wave reflections have on external blast.

! f:ctton 3, Penetration, presents discussions of am of the
va-irl'a enplircal foi--L2w dealLng with the penetration of amor
by projectiles. A brief discussion of the perforation of -41A
steel by fragents Is also presented.

Discussions of the per.:mrtion of concrete, sad soil by pro-
jectilea are scheduled to be Included in the next edi*d- of tha
handbook.

Section 4, Shaped Charges, is presented to rooLS.arize the
reader with the principl-, of the stApad cherap. Theories, thec-
reticul formlae •nd empirical torala pertad-ng to coae collapse,
jet. lormation, and jet penet-ration 4,,e .'ncLuded as Van as brief

ix-
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disCus3ions of factors affecting pý-t•tation. These factors are
included under such topics as liner shApe, standoff distance, explo-
sive preparation, and varhead casing design. Scheduled for the next
edition are discussicns on such topics as effects of rotation upon
jets, vaporific effects, dimage mechanic, fuze action, perforation
dmga~e, spin compensation, and defeat of shaped charge veaT~ons.

x coWTmITIA
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i .1 INTRODUCTION

The natural fragmentation characteristics of conventional
warheads are usually placed in three general cases, fragent
velocity, directional distribution, and mass d1stributlo,. Frag-
ment velocity varies with distance of travel asd each of the
characteristics are affected by such parameters a- explosive cam'-
position, type and thickness of casing m-terlal, and the warhead
geometry in general.

Thc vurpose of this section is. to provide a brief dlai..;assion
of tho ti.Poro "s concerned with the above char .eristics, and to
present experimental data for determining thi vsi•.s of thr con-
stants utilized in the theoretical discussion.

Methods are available for designing warhsa& that will pro-
duce fragments of a predetermined size (controlled fragmentation);
however, since the use of controlled fragmenting warheads is
generally limited to attack of specific targets which are pri-
marily vulnerable to fragments of an optimu size these methods
are not widely employed among the warheads dcumented in Part 11.
For this reV.Son only a brief discussion of some of the more
important methods of controlling fragment size is presented.

1.1.1 TRkAKE1TATI0N PROCESS - GENERAL. Conventional frag-
mentation warheads consist of a high explosive (ZE) charge, fuze
and booster all enclosed in a metal cas! g. Upon detonation of
the HE charge, the metal casing expands very rapidly, usually to
about 1-1/2 times its original diameterl'-, and then breaks into
fragments. The rate of expanzion depends on the compouition and
we !St of the explosive filler, type and thickness of casing
material, and the geometric cifiguration of the warhead in general.
When the casing brsa!zs up, the resulting frapments fly off, usually
in a direction perpendicular to the surface of the expanded casing,
at the same speed that the casing had atta' ^. durlrn its ex--n.
sion; little c-., io additional velcicty increase occurs after the
casing ruptures -- 2. Withan a very saort di tance from the center
of explosion the fragments pass thrcoigh the shock wat,-, w.ich
retarded by the air to a great-r extent tLla the fs.'aSer'+,',

In effect, the high velocity fragments are projectiles
with a potential capaoblz cy of IrS1 oting d.-sge to edjacent
object•. The potential damage capabil•ty doe',ents upon such parm--
ter, Ps fragment mass, valoc•.ty, b67 %iastribution which are dis-
cussed in paragraph .2 below.

COIWZDKTVlL
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1.2 PARAMTM INMVO'D 3 THE FRAM ZO.N M =

1.2.1 MAW DIBTRIBMTION - MjTM '. The mass (a) and mass
distribution of fragments fro natural fragmentiLZ "•rbeads bave
been described theoretically in terms of simple exponential func-
tions of m. The most widely used of these are the foziL/aa intro-
duced by Mott and Linfoot4"*, which in general, apply fairly vall
to. all modern fragmentation varheads.

.. 2.1.1 Two-Dimensional Breskuv. It was proposed in refer-
ence 1-3 that fragmentation of varhesds which utilize tbin-w•U.ed
c,.zingz is the -tS'ult of two-dienmtonal breaiap. Under this
assumption, along with the assumption that two-dimensional1 bremaku
holds down to the finest fragments, the mass distribution of the
fragments may be approximated by the equation:

N(m) - .o •(1-)

where:

N(i) - number of frnaments of mass gpeater than (a)

No . total -- br of fragments (W21A)

2p arithmetic average fraomen ma

X , total mass of warhead case (am units as )

e * base of natural logarithms

It shou. be noted tha-. Mott' equation (1-1) asmne the warhead
casing to be a cylinder. Although this is not generally true,
satisfactory results can be obtained 'y eorsl- rirg tto casing a
a series of cylin._ ical aegment& and c€mpating fra t mans din-
tri-ution for each segment ..- p tely.

1.2.1.2 Th•ee-Dimensaonsl rea&k1. It Is pos t ÷u' 10 4 " t .t
a large number of fragments, whrse sicz is not InfA.•u•.ed -.. v easing
thickness, may result frc the frasentation of an exceptionally
thick.cased wrnrtsd. Under this co•. tion the frasnta1ioa po-
cuse Lrbdys the law L thre.-4aend m .$ona. Aku, end the mos

2 COrDWFD2TA.L
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dilzribution of fragments will described oy

N~a).N 0 ~u)(1-2)

where:

N(m) = number of fragenzs of mass rea&ter than (m)

No - total1 mmber of fragments (X/6is)

6*; - arithmetic average fragent mas

N - total mass of warhead case

There is no set procedure for deteraining th.-
casing thickness of warheads at which transition frm "5--dimnsiona1
breakup to three-dimenssonal breakup begins. However, it is stated
in reference 1-4 that "aost serv ce projectiles having a wall thick-
ness (before expansion) not geater than about 0.6 inch fall into
the category of two-dimensional breakup".

1.2.1.3 Xott Scaling For Ul-eus. The value of the paramter
p Is related to the inside diamezer (di) and thickness (t) of the
warhead casing by the empirical relation:

0 Is In Arsm

B has the units of m/2 in. -7/0 and deperd. upon the
exmlosive composition and thd *-jbicaa charscteristacs
.:z 1.ze casing material

and

t and di are in Inches

3 CWIIVZTAL
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For -- I'U values of C/X, the cbar~c-to-aeus.1,.mm* ratio, equs.
tioa (1-3) agrees very well with the fomIA proposed by Ghwmey and
Sauousakis (see paragraph 1.2.2) al&thmuh in general these for- a
muta. do not agree. A comuprison of thes f==la1 with data
obtained fro two recent tests conducted at WL, 1Bhlgrea is
shown on Figure 1-1. The compr•-son ±nflcates that Mott'r. scaling
fo=ma2a -nae nearly represents the eaxpoaet&L data than does the
Oi..rmy- a..iousakis f orm",•.

The two test vehicles were cylindert !ooded with 5-S
explosive. The inside dlmater, wall thickness, and legt )f
each cyli.-.0"z r ,,ma 10.209 inches; .270 inch, and 15 Ince s
res'pectivel.,y. On* cylinder was fabricate~d fT.:e A1ST--1W4 steol
wiJth a Rockwell hakrdness of a~ppr;oximatealy 98-b. Th o'ther" yli,-fer
was machined fro: th cylindrical sectlon of a BI)LT•a A warhead

(AISI "3 forged steel with a Rockwell hardness of ap--a.l
36-C).

1.2.2 MM•(r1?-8A3 A WCALTI PMWA. The relationship
between I, the thickness (t), and Inside dameter jdi) of the
casing will, according to Ourney and Sammoumskis , be described
by:

1/2 .A t(dj + t)3/2
=F * A 7-9

Where:

2&- aaritetic average fregeent ,ass (grow)

A - a constant depending on explosive c osition and
the p•-y•,lcu,1 ;.scteriatics of the cuing

material Lam/in.3] 2/2

• I

t asA us; r in inches

""a1WoZIL r
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1.2.3 EFFET OF M7DSIVM 0! l 3olea et al of the U. S.
Naval Ordnance ILboratory .(reference 1-6), expernmetalley deter,-
mined values of the Mott scaling constant (B), the wmwey.-
8armousakis scaling constant (A), and the parmeter • for 7arious
explosive compositions. The results obtained fron the above
experiments are tabulated in Table 1-1 to rovide sa Lnnd,.ation
of the effect that varLious explosives have on I& as vl as the
above mentioned scali"n constants.

TABLE 1-1 )VTT AND ,31EY-SARWOUSAKIS SCaU
CORSTASRS FOR VARIOUS EXPLS~IV

Explosive c/kN 1'/2 C sU

ato1 0.562 1.237 2.7. i 2.55
Camp B 0.377 0.532 1.A 1.14
Cycl-tol (75/25) 0.30 0.471 I 1.0 1.01
H-6 0.395 0.666 1.47 1.34
ZZ-1 0.384 0.615 1.36 1.30
rnX-3 0.403 0.781 1.M 1.85
entolite (50/50) 0.38 0.596 3..- 1.27 .

3-1 0.367 0.534 l.18 1.14
FZT-2 0.373 0.548 1.21 1.17

0.355 0.751 1.66 1.61
*Camp A-3 0.367 0.474 1.17 1.13
*Pentolits (50/50) 0.363 0.631. 1.41 1.27
oR=/wAX (95/5) 0.370 0.509 1.15 1.09
[ Tetry1 0.371 0.660 1.45 1.41

1OS: MXot',S scai. conta.i (S1/a i.-o/)
_&..JUkjgscaling Constant [aj.j/

,Indict tea pressed explosives

It shou.4 be ua*. - that the values of the abovw cova apply
rpe-:iflcally only to cyllird rs similar to those used In the
experisents. The cylinders ee made up fro AISI 104W" -- malsa
teel 'tubing wit.h a Rockvwll hwdwneas uf .pprcximataey 1O-B. •'e

inside datetr a.-A wall thicknwss of -ach cyllnde. wu :w oxL-
"nately 2.0 rircbec and 0.25 inch respectively.

6 ~ITZA
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1.2.4 ='FCTS OF CAMING b.M M~~A ON p. Only a limited
.w.int of information Is available relating the effects that

va.riou~s casing materiala have on ý,. However, it is concluded in
* ~reference .1.-7 that:

1. Cylindrical charges utIlI zing either forged or cast
steel, of the types used in current HE shell, yroduce fzagments of
a conciderably larger average mass than similr charges'Which
employ malleable or ductile cast Irons as tke, casing material.

2.* No correlationa were found to exist between f-igrenta-
tion and :4trength or ductility of t::& casing material.

The above conclusions are based on rt~ulta obtair.xd. frv
tests of cylinders which were open at both ends, havinp an inside
diameter of 2.5 inches and a length of 6.0 inches. Thr-. '.d.,
thicknesses, 0.2 inch, 0.4 inch, and 0.6 inch were ut±U1-,ed. The
three high explosives used for t.he fragmentation testa were Bar&-
tol,. =TT and Composition B.

1.2.5 ANWILA DTS~nUTI02I OF F1FAi2?S'a. Whn a warhead
detonates, fra4;ents are projected in many directions.* For spheri-

*c-il warheads the density of frs nts is substantially constant
regard~less of direction. However, for cylindrical warheads the
greatest density of fragments is con-ta'4 rz- in a narrow sidespray
(comonly referred to as the beemsprsa') of the order of 20 degrees
in width. This beamsprsy Is generally located near 90 degrees
from the nose of the warhead as i33- traie.d by Figure 1-2.

Assuming that the warhead under consideration is sym-
me--al about. Its longitudinal. axii, the number of fragments as

a -,-otion of the angle e measured from the nose of the warhead
is describedi by:

N - - (O) sin a dO (.1-5)

where:

N - number of fragments c.3rtaitne4 in the polar zone
(8, . 9 )

2
P() number of fragmentr r,. steradian in polar -one

between a and4 ti de..

7 0j0fl1MMT7L
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For cylindrical warhead- detonated at one end, the posi-
tion of the fragment beemspray is slightly displaced in a direc-
tion away from the point of initiatic.I-.

The static fragment density p(a) is usually obtained
from proving ground tests, the fragxents being collected in
fiberboard or other material. When the warhead bursts in flight
each fragment has added to its velocity the forward velocity com-
ponent of the missile at the instant of burpt. This shifts the
fragment beamspray forward and also increases the denzity of
fragments in the forward hemisphere at the expense of the"-ear.
The equatlnn for making the transfz--mation from static to dynamic
conditionr .1 given in referenre 1-10 as:

Vfcot ed =cot 9 +-.. csc 8 (1-6)

where:

ad = angle measured from the nose of the warhead
(dynamic)

8 - angle measured from the nose of the warhead (static)

V, - velocity of the missile

Vf s static velocity of the fre •mnts.

1.2 .6 DETE•41A ION OF IMfT-AL •AQKNT VEIWCITY.

1.2.6.1 Theoretical Determination. The Gurney fomulas,
derived in r.:erence 1-U, * is-,- been shown to be quite reliable
for predicting the !i•ial velocities of fragments for cylinders
and spheres. Based on simple consideration of the explosive
energy available, along with the applicatir . of +.e conservation
of energy, h.- . -edlctlon of initial -velocity of the fragment is
given by the following, eq".ton:

for cylinders

S-, D I ,, (1-7)

9i+05(,)
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for apheres

N I . 6 (c/t)

where:

Vo a .±•itial framaent velocity I-Ops)

D = & constant (fps) depentdn on the empogition of
explosive used, GUMMY CONSTAN

C - weight of the explosive charge

M a weight of the fragmentirg metal

The above equations neglect the work done in break-up of the metal
casing and it is generally agreed that a very small part of the
explosive energy is used in this way; hence, the initial fragment
velocity depends only on the charge-weight to metal-weight (C/M)
ratio and not on the material or construction ,)f the casing.

Values of the Gurney Consfant (D), for sm of the
commnly used explosives, are listed in Table 1-2.

TABLE 1-2 anum CONSTANTS FOR VARIOUS EPIOSIVES

Explosive Gurney Constant D (fps)

H-6 8,400
Composition 2 8,800
TNT 7,600
Pentolite 8,4n0
EUX 8,lGo
Picratol 7,600
Tritonal 7,600
Minol-2 8,300
Torpex-2 8, C-0
Composition C-,3

10 CArI• lAL
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1.2.6.2 Effects of Casuing X.e and Thickness on Initial
Velocity. Equations (1-7) and tl-8) may be utilized in predicting
initial fragment velocity, without serious error, for practically
all types of casing material provided that the case is of uniform
wall thickness and Is either spherical or cylindrical in shape.
However, warheads are almost always designed with a varlable wall
thickness; this in particularly true for projectiles which are
extremely thick toward the nose. When conditions such as these
exist, the initial velocities of the frasgmets will vary with
respect to the anal from the nose of the warhead. Generally,
the velocities are much lcer for the nose am'. base fraga t.o
than for .•-mnpray or side fragmenta. Thus the general practice
has been to aeermine experimentally initial velocity as a func-
tion of angle from the nose of the warhead. A zypical 14=tirl.
velocity curve is given on Figure 1-3. Although the %bove equa-
tions are quite sensitive to the shape and thickness cr aw Ar-

head casing, Gurney's formula (Equation (1-7)) for solld cylinders
has shown good agreeent with experiment for long cylinders
(length to diameter ratio of 2.5 and in same cases even for
length to diameter ratio of 1.25)'--10, and moderately good but
soewhat high results for short cylinders or ogives.

1.2.6.3 Exnerimental Determination. The inLt:.al velocity
of a fragment vita known mass, average presented area, and
average velocity over a given distance may be approximated by
the followizg equations:

wh:-- -e:

V, - inlta.;.i velocity of the fragment

Vav - average velocity of thle frsW t

e a base of tht .zural l•),ritb

and

P, • Cd A R ( - 0
V (1-10)

" / 11
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where :

- density of the medium

Cd drag coefficient (dimensionless)

a average presented area of the fragment - see equa-

tion (1-11) for a method of dete•mining A

R * distance over which the averiwe frm enat velocity As
measured

m A .i f the fra enat

Equation (1-9) vas obtained by integrating the standard
velocity decay equation (V, - Ve'W), where VR equals
velocity of the fragent at any distance (R). F= a derivation
of the velocity decay equation see reference 1-14.

Providing sufficient datu are avallable regarding tbh average
velocity, average presented area, and average mass of frsgnts
produced from a given warheai, an estimated c€srtant Initial velo-
city f=r a -11 polar zone may be computed by use of equa-
tions (1-9) and (1-10). Here (V,,) in equation (1-9) is taken
an the mean of the average velocities for all fragnta in the

particular zone. (1) and (m) in equation (1-10) are taken as the
man average presented area and average mass respectively for all
fragmnts in the particular zone. Fo= aL example of the applica-
tion of this method see reference 1-12. Me equation for (w)
given in reference 1-12 involves a constant (0.241) which includes
the effects of air density and a conversion factor necessary to
um7* tv) dimensionlessa.

1.2.6.4 RelatIc. Between Masn and Area of Frsmpents. Equas-
tiom (1-9) and (1-10) both Involve the ratio of the average pre-
stated aea of the fragmnt to its Wasa, ('X/ W:. If Ccapletaly
rane orIentat':-.n of the fragment ic "sumed, this ratio is given
by the relation

Ie K is a onsnLt d,,r.ýdent only upon the geotry of t'he
fragmat. Table 1-3 gives vaew.a o• 1i6~z cew.tant for fraents
of Venoius types..

13 . I AL
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TAELE 1-3 VAU!ZS OF "K" FOR FRACKE1S OF VAFIOUS TYMS

Type of Frageent _ _ _ _ _

Random steel fras.ments 0.550
Spheres 0.305
Steel cubes 0.380

SouArce reference 1-14.

NO5 : (2j mn gras, 1 In sq. cma.

Table 1-4 lists the range of values of X for projeictil- rf differ-
ent types. The data presented in Table 1-4 are e mcteza ferm
reference 1-13.

TABLE 1-4 RANCE OFK I M FERA f 79M
P.TECTnLS OF DIFFEUT TTn

Type of Projectile Type of Break-up Range of K1

Helix of frag. bombs One-dimenmional(2) 0.422 - 0.486
Medium am large caliber Two-d•Imensio.wvl 0.486 - 0.553

artillery .E. shell and three-
and S.A.P. bombs dlensional

G.P. bombs, mortar Tio-dime onal 0.553 - 0.757
P w. shell , inner
-;ea of frag. bombs;
la caliber LB.E.
ar-tiller shell

I WIN: (2 n~ 1.0 arn~, I in sq. cma.
(his type of bre..L-up c€ild be considered as sal-

controlled, since the lateral dimensions if tbe frs*-
meats are fixed by the width and thicknes -f zz---o,
or wire fozning the aellx. The other 4=wioa of the
fem~ent is ctepedert upon the randombe,- w of the
rod. atarlel 1 long its ior.,J! t tuaddxs.

14 CJWZ LIL
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1.2.7 ~[ LFBAWM2 V370CMT. Aja fragmentr travel
through the air, they are slowed down by air resistance so that
they will strike a stationary target at a velocity lover than
their Initial velocity. Since their diaging pover depends on
their termina~l (striking) velocity as vell as their mass, It in
deaslrab. to have a convenient method for detrining th3 varia,-
tion of striking velocity with such parmet-rs as fra. ant mass,
distance of travel, etc. Such a method is presented In the
following paragraph.

If the inz.Ial velocity is known, the velocity !*•re.pond-

Ing to • liven distance of travel :Ay be cocpxed by the equation

VR - Voe"W •.•

where:

VR - velocity at any distance R

VO - initial velocity

w - as c.efined in equation (1-9)

The initial dynaic velocity of the fragents may be
obtained by simaple vector addition of the fragmat initial
velocity (static) and the velocity of the missile at the time of
detonation of the warhead. "This initial dynaic velocity may
then be substituted for (Vo) in equatio. (1-12) and the actual
terminal velocity of the fra.nt a may be computed.

Although the drag coefficient (Cd) is a function cf the
vw .city of the fragment, in the application of equation (1-12)
it is usually assumed •i",4 ". is uabstantial1y conftant over the
distaucc of fragmeat travel (R). Figure 1-4 gives a plot of Cd
as a function of Mach znuber for various fraxent types.

1.3 CONOLIZ, RAa3KENT=

An imprtant field of Investigation has been t-±'.. of deiawn-
Ing a warhead V) produce fragumts or a predetew4ned dc.izrrb2-
size. For sufficiently slyciic -nrtted/target c-u.Lainazions this
Is considered desirable, since the cc'ntrol of the size of fra.ments
emAited by a warhead tends to decrea.se t•'e a•ount )f etal. that
will ot wasted in f.--qgents eithcr- toc' ts-u o too large to be
efff "tive.

15 OMMMIAL
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1. .3.1. D OF MIA•T S= C0 M 'I°. A number of
methods are available far control.lin the size of fraents such
as: (1) preformed or precut fragments, (2) notched or grooved
rings, (3) notched or gooved wire, (4) notched casing, (5) multi-
ple walls, and (6) fluted liner. A basic disvusslon of each of
the above methods of controlling fraent size is preso.ted in the
following paragraphs.

1.3.1.1 Preformed Frsgments. Individual fragments may be
cut or formed to the aeslred 6Lze r--ior •o fabricating •hem onto
the verbead. Under this condition the only possible dgr:.vton
from the initial size wculd be a result of breakag upon expul-
sion, &-eslun to each other or, possibly, to other ;arts of the
warhead. However, these factors may uAually Le -onsider- '--li-
gible and for aall practical purposes nearly 100 percent fragment•.-
tion control is achievable.

The princial objection to a wide-scale application of
this method of control Is t3hat additional structure is required for
support of the fragments. This structure usually consists of thin
metal inner and/or outer liners, to which the fragnts are attached
with adhesive, which add to the overall weight but contribute very
little to the effectiveness of the warhead. A second objection to
preformed framnts is the resulting loss in fragment Initial velo-
city as compared to natural fragnting warheads. This velocity
loss is che to the rupture of the warhead casing early in the
expansion. Following the rupture of the casing, the explosive
gases escape through the intersticec bem ,een the fragents and
expand to atmospheric pressure, thus, decreasing the distance
tbough which the accelerating forces act on the fragments. Recent
developments have proven that plastics such as fiberglis laminates
r ' be successfully employed as liner material.

Primary e:amles to date of applications of the preformod
framct principle are in the fragmentation warheads for the X=
AJAX, X= WahIM, and HAWK misstles.

1.3.1.2 Notches Rl'.s. In th-.z wethod of controj, a series
of notched riz• s are fitted togethe- to form the 1w*.2.ad casixg.,
each ring thus forming a sect.on of Lhe war•aed rfnttIcu.ar rx,
the axis of symmetry. A'entially, the thickn-wa wAd wdth of the
ri n provide control of two di-ens.-.'s of the fragents, while
nO.cbes in the circumference of tl. rin- prLvide pla,;es of weaknesa
where breakag, in the third dir c-uti: is deLired.

17 CMETA
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1.3.1.3 Notched Wire Method. In general this method is simi-
lar to the notched rings, discussed in the preceeding PR-&ra Ph,
except that notched wire is wound in a helix or spiral about the
varhead casing to control frepntation.

1.3.1.4 Notched Casing. Instead uf notching in one direc-
tion aad having actai. discontinuities in th metal in the other
directions (such as in the notch" ring or wire method) it is
possible to cut, punch, or cast a two ditens.cnal. network "to a
solid casing. In principle this method is the sam as In the
notched rings or wire.

1.3.1.5 Multiple Walls. The mu=ti.ie-w&ll casings are Ade
by using close-fitted cy.U-nders, each with thickras t/n, wiar:
is the total thickness of the casing sA n ins the nA-.--f wal•.].
This method does not give coplete fragmentation con-=na asnce
only the thieknems of the fragents is uniform. The eam-It of
using multiple vells has been to reduce the -verage fmrgent mass
and increase the number of fragnants.

1.3.1.68 Fluted Liner Method. In this method the exploeive
charge is grooved, so that the resulting ahaped-charge-effect will
break up the casing in the desired places. The charge Is rooved
by means of the f2uted in (which is s 4ties co-tucted of
plastic, wood, or rubber) inserted between the solid metal casing
asd the explosive. When the varhead is dezonsted, the flutes
give a shaped charge effect which tends t- cut the metal casing
in the pattern formed by the grooes.
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2.1 BAST-EMMAL

2.1.1 IfMDUCTION. Generally, blast intensity from high
explosive ordnance items may be adequ&Tely described in terms of
two quantities - peak pressure (P) and positive impulse (I). Both

quantities vary with distance frtm the charge and are affrcted by
such paremters as charge composition, charge geavtry, casing
zaterial, atmospheric pressure and temperazure, and Mach wave
reflections,

This section provides a brief review of theory, r-e-
sents experimpntal data, and camprae the two. Much of the work
presented a.• s section has been extracted fr'u the excellent
work of Division 2 of th. National Defense Re.,er3c C il'', the
Ballistic Research Laboratories and the Naval Ordnance Laboratr7,
vihite Oak.

2.1.2 PmmIL Oy HiGH VE T wIs Btz AIe'-.

2.1.2.1 Prceagntion of the Shock Wave. The rapid expansion
of the mass of hot gases resu.Lting frn the detonation of an explo-
sive charge gives rise to a wave of compressicn called a shock
wve, which is propagated through the air with a velocity ini-
tially sch greater than the velocity of sound. As Illustrated by
Figure 2-1, if the front of the snock wave is considered tt be
Infinitely st4.-p, then the time required for the compression of
the uti•surbed, air ahead of the wave to full shock wave pressure
is zero.

For a spherically shaped high explosive charge, the

resulting shock wave will be spherical, and since its surface cork-
ti: !s to increase as the shock wve" travela outward fr' the
charge, the erargy per u-n.. e'-a continues to decrease. Thus, the
pressure at tae vavc "ront, the peak pressure", also continues
to decreesee. An additional decrease in pressure may be attributed
to attemration in the form of work daie on t•. i.,-.

Behind the s),ck-.;ave fromt, the pr,.ssure in tLe wave
decrease* fro Its initial peak value Ber the charg,, Lha pres-
sure in the tail of the wave Is greater naw me a1zo.7-be-e. B3.t.
as the wave propagates outuard from t•e chezg-, et re-rauf-- I.on wave
is forn which follows the shock wave. At some distance fro the
detotIaton poizAt, the pressure behind the ahoc• wave froat falls to
a v*Lua: less than ono atmospbere, a.m'he 'izes agai4n to a steady
valut cqual, to one ataosphere. The .axt of tIe shock wave in

20
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whLch the pressure is greater than one ataosphele Is called the
iositive base. and ±mediately folloving 4' , the part in vhich

the pressure is less than one atmosphere is called the negative
or suction phase. For a discussion of the theory of shock vaves
see reference 2-2.

If the shockr wave velority Is knowin, the peak .14.-on
shock pressure may bc -bt•lzea fro•, the Rankine-sgo•i•t condition

Ps 2Y V2(2-1)

r, a peak side-on pressair

Po a eabik.1t atmospbr..c Wremsmr

a - shock velocity In stil air-

Sa sound velocity In air akead of shock

7a ratio of specfil-. beats (equ•l to 1.4 for air)

21 003MI'ZAL
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2.1.2.2 Pressure-Tine Relationshirs. A fixed gauge with
respect to a charge, which is capable of indicating the side-on
pressure instantanecusly applied will . -oard pressure in the wave
as a function of time. The resulting press- .-e-' inx curve is very
similar to the curve discussed above and to Fiure 2-1. The time
elapsing between the arrival of the shock front and the arrival of
the part in which the pressure is exactly atmos!pheric is called
the positive duration. An important cuanity in the application
of blast measurements is the Pozitive Impulse (1), which is the
average pressure during the positive phase multiplied by the Dosi-
tive duralton. Mathematically, Po.itive Impulse may be ex•,eesed
as

I =JP(t)dt ,2-.

whore:

t ý tine of positive duration

P(t) = positive pressure expressed as a function of time.

2.1.2.3 Reflection of Strorng Shock Waves. When the pressure
in the shock vuvc is appreciably above one atmosphere. the phenonena
may be described in the following manner. In Figure 2-2 there are
represented three successive stages in t a reflection of strong
.hocks. The incident w~ve II is first shown as it totcihes the
reCflcctini,, surfece S. The excess Dres.ure above that of the atmos-
pltr- aut thi point is more t..an twice that of I, elsewhere. The
nkgnitude of the incr-ase cf ;ressure over that of 11 is determined
by thr strer._-th of I..

As the incident wave exper4s to orde great- I, the
re.flected wuve. also expands, bur the re$lected wave is not
o•herical as in the case .: erzy ves' -lhock waves, 7:= angles at
which 1I and R2 meet the surface S are not equal, !.: .- 1, ,'r+d
the angle of the reflect-ed sh.'k hI2 epens upon V=• -t-r.rh LLd

angic of Inciderce of the inc-dent stock. it h-1-s Lteu rou-.d that
for each ratio of the nresirare in fr..=t of the shoci wave to that
iwa'ftately behind the wave frot '. .:-ae Ls a cr.tilal angle of
Incidence beyond which reflecti&x -.! -t. i./rp3 at R2 is impossible.
The.:. -' scne place along the eW,-,•d where - new type of reflection
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called Mach Reflection takes aplace. The intersection of R and I
no longer lies on 8, but lies above it and follows saw path, L.
A new wave X, the Yach wave, conects the intersection of R and I
to the surface. The intersection of the inctdent wave, the
reflected wave, and Mach wave is called the tr12LA pont.

As the pbencmenan progesmes, the Mach wae grow and
the t-4le poin•t describes a curve through the air. T gemetry
of tV-. acL reflection phenomenon has been stid' d, with particular
reference to tha path fo.lL-4,-4 L.' the triple point, by various
investigaUer. Empirical. method of ana.lyzing bli•t data and
methods for expressing the height of the triple point as a fUme-
tton of distance wre reported in refer.-nca 2-Z. 1'ypcal paths for
several charge hi±7ts and weights are shown on Figure • -3.

As the Mach vte gows in beight, It bambsb .Zi inc-
denft and reflected waves. UltimaLAel, At distances -z lrme cr. -
pared ',o heights of burst, ti~a whole coiLfiguratiLQ = shnfts
becmwes apprealiate.ly a sincle spherical shock wave Int•rsecti.ng the
puaind mrthogona~lly.

23 CO EIAL
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2.1.2.4 Ifects of Chage Sae an, Orientat:on2".• The
orientation of non-sphericsu. che-ges relative to the gauge has a
significant effect on the intensity of the measured shock pres-
sue and impu:lse, since the shock configuration frc such charges
is = a cc='x natur-e. F= exven', bridge vaves resmbling Mch
waves form of" the edges i" -:.-tinlrical charges and the pattern
sme time after emtr6 ence takes the fo= Illnstrated by Figure 2-4.

Assaytry is not the only came c'•a : ll'atloxw. in va
patter~s, for t.-*, n~ in spherical expluslonsa mcy frost all reflecting
surfaces the gauges irdtca~a the existenlce of secondary and ter~tlary
stocks. However, in measurements off spheres and ofTt i.ndes of
cyli:.ders, these secondary shoks az. m-LL relative -3 th3 pr. ~azr
vave. Hence, measu.-sent• of impu•2se in these cs,.:z uhually
exclude the contributions of the** seeondary shocks.. In ieasur•-
ments off ends of cylinders an M*Ig±eer"l deslition blocks,
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mm 2-4 C = A Umm 1AV

however, secondary peeks are large and occur vell vlthbin tba
initila. ;osltive phase, && ±.U~ustrated by Figure 2-5. Tberefare,

the impu~lse data incl~ude the area belay the secondary peaks.

OM7.1

t

Ma_ second aback is at tin'ia as Into=*e m tae fIrst
othock, particulIarly in the cats oe "barg.. vith L/Dw~J. Peal:. ~
stuv in sich cases is the presurez ce' the first s wb ials
impulse is taken to be the entire ar-a of the preaaure-t1m curve
abeve thie matlent level(.00).
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Figures 2-6 and 2-7 fro reference 2-4 copasre the pras-
sure and imp•lse curves for cylindrical and spherical charges of
Composition B. Generally the results presented in reference 2-4
indicate that the initial intensities for spheres are lower than
cylinder..

2.1.3 TH VIR&T=N OF PEAK MSME AND POSITIVE IGULS
'WIT MTAJE F"~3 THE CUAPE

2.1.3.1 ngg;!y. In the study of explosions and the shock
waves resulting from the, one of th, mort. important and P.- the
eqme t1-Im, une of the most difficu.,lt ;obl=9s vo- to understand
the lia that govern. the propagation of shocl t±rough the air.
In 13.94, a theoretical solution to the one dimensional sp•ari.'l.
blast problm was devised by Kirkwood and kir-nkley (rr'o-ncns 2-5
and 2-6). Basically, Kirkwood and Brnkley tran- fod • a••.
llnesr hydrodyn•mic equations into a set of ordinary paerlial
difTerential equations, which, together with (1) the Rsnkine-
THgoniot relationships and (2) an assumed energy-time curve, mae
it possible to obtain approximate space-time values of the blast
pressure and positive impulse.

2.1.3.2 Verification of Tbecry. The Kirkwood-BJrinkley theo.
retIcal results have been verified to a surprising degee over a
wide rang. of variables. As shown on Figures 2-8, 2-9, 2-10 and
2-11, exce.lent agreement exists between the experimental points
of isher and Weibull (references 2-7 and 2-8) and the theoretical
curves calculated by Krkwood andr Brinkley. Te theoretical curves
for TNT and Pentolite are based on the asaismed values of 1060
cza/g and 14.50 c/g as the energy of detonation. Te better

" ..-.- agreemnt is found for T but that for Pentolite is by
o means considered poor. Me .eak pressure-ditstce curves

exhibit the beat as$c.n'ent between theory and experiment, prob-
asbl because the peak pressure is a relatively insensitive func-
tion of the energywtime relationshi. assumed The in,, .se curves
show gzetater di-:wepeancies, however, because rbey are aigmificsant.y
me sensitive to this rel•tinship.

2.1.3.3 •ixica.l Formulae. ".v Pida-on excend peak p-c.--
aures& and positive impu.Uses of a ir sl .;ak waves Ir- & d zr-tion= v..
spherically shaped explosives charges of 50/50 ,untoolita have been
measured by BL (refer-=:: 2-13) uwd.,r ambient atmospheric pres-
sures znd tempezat'iire siumlatizg aLt=ý.'laes il'p to 50,000 feet. The
refwtion. in peak pressure and L•ult-ix.uJae attedante on

26 KbMMMMU
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decrease in ambient pressure for w2.aes of Z-p,/3 ranging from
ap-roxisately 2 to 30 can be expressed by the following equations
derived from BRL experimental data.

For peak presaure:

2 . 37o95 , 154.9 + 203.4 403.9 (2-3).Po ZpoAV3 (Zpo113)2 (Zpol/3)3 (ZpolI3),

For positive impulse:

log ! I 1.374 - 0.695 og0 l Zop/S) ¼l-41
1°20 2o/S WI/3S

p a peak presaure in psi

p, - ambient atmospheric pressurp in atmospheres (I atnos-

ph" 11.7 psi)

Z .-/WV3

R = distan~e from explosive in feet

W - we-ighrt of explosive in pounds

I P positive impulse in psi mil .. secozn±s.

qFuations (2-Z) and (2-4), above, may be applied to
other explosiver through to. ,Asc of epp•icable relative peak
pressure and positive Lupgse values. Table 2-1 xuinrzes tbh
pcak pressure and positive impjlse values of soewr?. exrn'osives
relative to T (references 2-14 and 2-15).

2.1.4 CAS30 E UICA' ILA2T

2.1.4.1 Functions of the Waxhead :kse. Weapcw, veim,,
into soer.ic, n~w& Uy employ sca type •"Ca •ing &ou.-A the
high explosive charg. The function of ths caae dwpends upon
vnothes the varawei In designed to lie -... ted .naids or outside
of the target envelope, that Is w btthsr ! .a~t Js irternal or

33 OC3WIZEMAL
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external to the target. The casr; for an Internal blast warhead

must function not only as a container for the explosive charge but

&Lao as a means for penetrating the target. The cae for an exter-
nal blast warhead serves primarily as a contaiemr for the charge.
Considering both internal and external blast warheads, % secondary
purpose of the casings is the potential daae caPehlity, as a
result of case fraegntation.

2.1.4.2 Fato Formula•? 1 . The stee.L case retaining an
explosive charge reduces the bl•slt effectiveness of the charge,
si•n: eneraj Is required to accelerate the casing after dct'nntion
has been acctmplished. The effect o1f this was first studied by
.fto of .mi , v•- produced th- follv-wing fox=.,A:

w.' 0.2 + 0.8 for peak Iressuras e2-5
W + a! and positive 4=ze

C

This eution wua developed through the extension of the work of
Ourney vho considered the kinetic Pnergy at the time of rup'tua as
being mode up of tha kinetic energy of the explosion produced gases
and the kinetic energy of the case.

later investigations of casing effects on blast at the
Nval Odnance Iobaratory, reference 2-16, yielded the folloing
empirical rela..ons.

For positive inpulse:

1 +-• (1- N')

W !t-

For peak pressure:

W ~ I -

1- -. 9 (2-7)
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whem-~:

W1= equivalent bare charge-weight

W -actual. charge weight

M - case weight in cyllrdrical section

C .charge weight in cylindrical sectlf~n

MI M/C when M/C <1I

2.1.4.3 British Formulae. A relatively rec~ent Pories of
casing effects tests was conducted by the ARDE (refere:. -Tt )
vhich utilized 66 pound cylindrical charges of BMC/TNT (4-V40)
and Minal-2 ("O TM~/"0 Amonii= nitrate/20% Aluminum). The-

charge weight to total weight ratios, C A, ranged from .05
C +m

to 1. Utilizing data from these tests, APflE developed the following
e:piricaJ. relations.

For non-aliminized explosives:

W' .8 +.2A
T =for peak pressure (2-8)

and

WJ .4+ A ur positive inpul~e (2-9)

It shm'd1 be noted that the Dritic" forgm.la tor positive
±mpilse (equat'.,, 2-9) is the same an the Fuao frmalla (equa-
tion 2-5).

For al'minized explor..ve:

U, 1.10 - '2 10A f= peak. pressure (2-10)
I. 2 - A ae.r :,ositive impilse
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2.l.4.4 Comprison of F A g.L•1 ccMqMrison of
the NOL/WO formulae with the British Formulae is shown in
Figure 2-12. Regarding non-aluminized explosives it is evident that
both Fano and AME results (equations 2-5 and 2-9) agree for posi-
tive impulse but are lower than NOL/WO results (equation 2-6) for
"values of "A" greater than 0.4. The British results for peak
pressure (equation 2-8) are considerably higher than the NOL/Wo
revised formula (equation 2-7) for peak pressure for values of
"A" less than 0.5.

Regarding aluminized explosives, the curve (equa. ", 2-10)
indicates e- increase in both peak pressure and positive m1=11 e
over that obf.aed, for comparable weights of r l z.-
explosives.

Based on results available in the references u.",, ci .be.
a-sphical comparison of the above formulae it is uuggestee" that:

1. Equation 2-10 be used for peak pressure and positive
impulse for aluminized explosives.

2. Either equation 2-5 or 2-9 be uscd for positive
im.ulse for non-aluminized explosives.

3. Equation 2-8 be used for peak pressure for non-

aluminized explcuives.

2.1.5 EXPMU392MAL MACH REFLECTION S_-,•

Me reflection of shock waves at oblique angles of
inci" ,ce upon surfaces of hard packed clay soil and water hasw
beer .tudied by NML in reference 2-18. Peak pressure information
was obtained in the far Nk.b ,-- on along the reflecting surface
by the shock velocity method. A perfectly rigid reflecting aur-
race was simulated by the intersection of shoce waves f'-o two
!dentical spherical charges fired simultaneou....y.

2.1.5.1 Mach Refl--tion CceffiTients. Me effects of each
type of reflecting surface, reported LI the above sua.±i;a, are
expressed as reflection coefficients. The coeffiacntr sra glvo"*.
as th ratio of weight of explosive aecessary to t ::red in free
air to that fired near the reflectIng &.&'face to produce the sur
pressure at the bme radial distance. P,-cults Df these studies
are presented in Table 2-2 as tu.. of .•-awed cargL e height
above tflecting surface (hW/'3) ±f ./lbl3).

37



__ __ __ ______ 0

.4 1�
N I

____ '111111
- I �, I:

..A �OI-QO

- ____ ____ - C

- ______ ______ � uI�

- - __*

I
- - I in-. '0

- N

0.

.4 '0 .4 Cd 0

38



IVWL PMW 10. 1821I
COME=?IhA NA'JW REPRT NO.* 7673

TABLE 2-2 RE0I=C,*l COEFIC="TM

r Reflection
Charge /Reflector Coefficient

8-lb •TT 2.14 Hard Clay i.87
8-lb T 0.88 Hard CLay 1.88
8-lb TNT 0.62 Hard Clay 1.79
Two 8-lb TNT Charges 2.14 Perfect Reflactor 2.06
Two 8-lb MTV Charges 0.62 Perfect Reflector 1.C
Two 8-lb TNT Charges 0.55 Perfect Reflector i.
1-b PenL,.ite 1.50 Water 1.91

2.1.6 APPLICAON

2.1.6.1 Free Air Blast Estimates. The es".m-t on of
Pressure and Dosrtive Impulse for specific warheads may be acccm-
pliahed through the application of the precedirng fo-Jna and data
preuentations. For exaple, the expected free-aiLr blast pressure
and positive imp1se of the MARK 81 Lav Zrag Bomb could be esti-
mated through the use of the equation and curves given in see-
tiuns 2.1.3 and 2.1.4. Based on the geonetical dlme-ions and
explosive characteristics of the bomb, an equivalent bare charge
weight (W') vrcI.d be computed through the use of equation 2-10.
The resulting weight would then be adjusted to an equivalent
weight of an explosive for which empirical wessure and Impulse
versus reduced dista.nce (P/Wi ') data exist. Moving the equiva-
lent free air bare charge weight, the pressure or impulse at a
given d"Itance R may be read directly frcm an empirical curve
such - Figures 2-a and 2-10.

2.1.6.2 Macm EFP-* Blast Estimates. Estimates or th-
blast pressure and inmp.lse, under conditions where UA target or
gauge would be positioned within the Xach reg" ',n (--ee a&guwe 2.13)
may be awdae in a .zner similar to +:At described previous•l y for
free-air. Hwever, it voulld r.ers be teccessary to make An addi-
tional adjuslmena to tee equivalenz Da.-e cfa~rge VeiUg.•1t; Acount
for Iftah wave reflectlon. The eiluivalent ... e chare -tig't In
the Mach region would be obtsinel by m-..tip!lin.g the .'? cI,.Aained
for free-air by an applicable reflectioa coefficient. Values f=
various reflectIng subrfacem say be obt-.ined fro Table 2-2.
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Know' rig tnie equivalent Dare crar5,, wei±ght I:: tnc Mach region, tzme
pressure and imp~ulse at a given distance R could' be read d±41eCtly
from empirical curves as described previcus~ly for free air.

25-
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2 1 .3Conversion from~ Side-e-u to 7w *-ci Pres,;ure:71f.
apply experimexz'..' or theoret~ical] siuve-on Deak pressuire resultz it
is first necessary to ýýonv--rt to ez~pcLct.,d iaocc-on pressures at tý"c
ta:*get reflectlrk; surface. iRy as sumd e tfle shiock w('*.,-- %;o Luu.
sphericall~y symwetric, the ±'acc.-on pr~ssure P.at tiuu rCefrzL.i?
surface mzay oe Irferred us-*ag -.A relatior.
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v,-ere:

= excess side-on pressure

P0  ambient a•mospberic pressure.

UFiure 2-14 presents experimenta.1Uy derived curves
relating scaled side-on and face-on impulse to scaled distance for
1/2 to 8-lb spherical Pentolite 50/50 cagas. These curves may
be used to estimate tae erxcte4d positive Lulse at the reflect-
Ing surface.
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4.4.2.2 PBnetrati-n. When a jet strikcs a target of mild

steel ;r armor plate, Iressures of the or=er of 250,C00 atmosp•heres
are generated at the point of contact. Since this is far above

the-yield strength of any steel the target flc' _ -7ut of the path

of the Jet as would a fluid. Tere is so much redial momentum

associated v'-th the flow that the d ter of the hole produced

is muh lsrser 'han that of the let. The differmnce in diameter

betwen the let &•.' the hole it produces ts ncot constant; t'At
is, it leperys upon the characteristics of lie target mateal.

Fnr ia•stnce, a hole of much larger isa~meter is found in mild
steel than in h- neou ar.-m=r plate. However, the dertr of

_•enetzrn._ -- a •et Into very thick slsý; :f -_2A steel or armor

plAte is rearl.- equal..

Me kimetic energy the particles ib U-.-. -ed

radi&.2ly as the particles strike the target (FZz 4-1-;.,. Pri-
mazy penetration is ccpete when the last ct pa.-rticle strikes
the target. Me actual penetration does not stop until the kine-

tic enerW imparted to the target material by the Jet is dissi-
pated. Mw 1al4ht additional penetration caused by this afttc.-

"fli is knownj a secondary penetration. The depth of seconaary
penetr-ation depensis upon target strength. It Is believed that
this accounts f=r the slight difference in the depth of penetra-

tion in wild steel &nd in armor plate. he probability of some
dIfferences in the depth of primary peratration into these two
. etals mit not be overlooked either.

The steady-state penetration, equation (4-13),

r ),2 (4-13)

vhich holds only for Idealized ,et• -hope et .-emaln c..-

stant throu.ao• the penetration rc oCes, had t3 oe modified to

tpke into cons~c~rstlo "l - that ar- rv)t cr=tatrt but vhIch

change chaacter as they tra~el•. In equation (4-:'!, %.
equals a factor vh-ck. acounto for t!. %.aure of th.e .let.

(paztiotlate or fluid), I equ .La th -.orwth of t'_ li-. -rz! ey

&AaM the U4elioels of the jeit "1 taxrvit matdriali rvspectivelY.
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Pugh*'2 took into ft-r .unt the velocity distribution izA
the jet, and the variation of V4 vith penetration distance.

Pghs equation for penetration is

P JU, dt P t (1,; . (4,14)

where J and .9 are average q"&hntities takiri into acý_Ouzt the vari-
ation of % and A in tlzw for the element of the jet c~ective in
penet'ttnmg the target at tim t.

Tepenetration equation preseat&xL by Zichell.ig 4- is

P-A .Z2& (Vi

vhere V- andthe penetration 'velocity U. r inistantaneous

statistical factor vhi-h depend!s on al.l o~f the factors that
;rodUAc changes in eitbwr X. orpl

4.5 P23TATION FAC1VIW

)kny factors affect shsaped charge perf orance; acm of h
will be discussed in the following sections.

4.5.1 RA= Or rCXATD'W, TTM AND DCOZZ- OF EIa6IV
CU(M 7.3 starte-i c.±:osa difference in the depth of
Penetration And In CwAity 'voluMe ia readi~ly seen when different
explosive l*Adings are used. T able 4-1 Ir a tshu.Lr tion of explo-
sive perfors-e-i observed In static penex-ratinn tests at the
XXWWA. T~xL vaws performed withi cy.Izxdrical, cruarges. The
paeistry of the c~hmagus tested vas sta5ndard1ized, tm to, h
charges had a dim-4ter of 1.6.3 Jnrares, wpre 4.0 J.:!w h±4.. , vae-
cs t or pressed a'.r JGUU t~ypee a U 2. conical 1! sr-., -'c --. L
initiated, and vare fired Into miIA steel twwe~ts at a standoff
distance of 4.0 iuct*:.

so 0071==



CONF~IBEN NkroWS IT20RT NO. 7673

rL~ octol group (Ji%/T12) of ex~plosives offers up to 20 per-j
cent greater penetration than the other explosives tested and
satisfy such requirements as sensitivity, availlhi.Ulty, campati-
bility, etc.*, bat with the possible exception of toct 4 4 b.
Burke, Cook, and others at duPont showed that with a k.nowledge of
the density and detonation velocity of &a explosive &.good esti-
mate of performance might be obtained . More sperifics.11y,
results from tests performed vith steel, a2:?m.r, sadi copper
li1ea revea~led that both depth of penetratior- and cavity vc2.Ln
were a linear function of the detonation pressure. Figure 4-1.2
shows the variation of penetration with detonation pressure .r a.
r~mber of A*I~ exr-losives given in Table 4-1. ViCre 4-13 "a
SO~e~hat 81011~ to Figure 4-12 with the excep.io'i that three
different types of liner material.. were used.

TABLE 4-1 SHAPED CHARG PE1IRTO W!TH

Explosive Dest etonation Vel. P'enetration

7-1/23 1W/T1 1.80 8490 1.465
75/25 3W/~T 1.80 8430 7.39
FTX-2 1.88 SO0 W .5.57
75/25 RM/TN! 1.68 8060 6.24
70/30 RMC/TNT 1.69 7 9? 6.21
60/40 PmXTa 1.68 7850 6i.17

91/9 LXIWX 1.61 8540 6.06

so/., 2eotolite 1.65 7600 5.53.
FZ1.61 798W 5.17
RE! i 5 7440 5.16

70/50 Tetry1/TNT 1.465 7570 5.13
3.6 1.73 7460 4.52

MU1.60 6980 4.25
9./9 Pm/Wax j 1.30 7000 4.20

4.5.2 )LABJLAD C.4.1= DEI0N. M- warhead csc ig *..ve a vC
purpose.* It must receain the exjlouiv* prior to 4" ;onaition and
cenfirw the charge dizring 1-tonation. -&his confInwnt effect Is
noted %hetber the -t-tinemrt Is ;rv..uy an increase In well1
tbhic'~mis or by a 'b.1t" of ervlosiv'r. *1. resu.lt of increasing the
confiro%.xnt is an Incressm '.n hot.L valus in the tsrget material.

61 00IDir1MMA
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In c."fect, it d~ecreases the lose ,f pressizte lateza~lly. and increaw-a
the duration of the application of pressure.- Going a little fu~r-
ther, it is important to note that the strength of the case
required for confinement during detonation is practically nil for
warheads with charge length to diameter (IVD) rati.os which exceed
approximately 4.* As the L/D of thr charge is reduced t±'.2 case
strength required for confinement increases.* In guided missile
applit~ations, the case thickness for opti-1m confin~ement is not
usually obta~ined because of weight limitations.

4.5.3 5HAZ OF CHARGE BACK OF LflM. Aeroiynamic ;:tfc-mance
and pro.'etile weight specifications are factors that frequeut~lj
limit the l.,i.6ch of the pro~jecti-ln body, wt' 4ch In turn,. limits the
length of the charge. Generally speaking, t'- iaoe 'voltrn-: 9=1 tha
penetration obtained increase with increasing charge length and
reach a mayimi- at about 2 or 2.5 charge diameters foi .'t' con-
fined charges or 4 charge diameters for lightly confined cr uncon-
fined charges. There are many shaped charge designs but the ones
most frequently used are illustrated in Figiure 4-14,* Each design
has its advantages: configuration (a) has the advantages of ease
in manufacture, high explosive loading, and 'blas t effect; (b) and
(c) are s etimes necessitated by the requirf~ments for accuracy,

* weight and space limitations. All three designs can be made to
perf orm satisfactoril1y. The greater amount of explosive in the
cylindrical chargt makes it more valuable than the tapered chargez

*for the secou.1a-.1r effects of blast and fragmentation.

7IOU!M 4-111 3EA APim HaJcz BoDT Desitra
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4.5.4 LINER VARIATIONS. Warping of as little as 1/32" on
two sides of a cut down tteel M9A1 cone (base diminished from
1-6/8" to I" I.D.) caused by dropping or other mishandlings is
sufficient to lower jet penetration by 1.24 charge dlameters4-12.
Cones used in tests outlined in reference 4-12 havng .015",
.025", .037" an-. .050" wall thickness are extremely susceptible
to damage from rough handling, especi&aly the cones with wall
thicknesses of .015" and .025". Warped cones, as previously
mentioned, which are produced during the d.rawing process or tj
damage from rough handling give very poor pe,.etaation. Furher,
as noted in reference 4-12, it has been found that a bead of
weld on the inside cone surface, ranning fro the apex to IL --e
cf the coz-. 3c,-cers penetration one cone dLametzl from a standard
penetration average of 3.7 cone diameters, wfLerews a similar bead
on the outside surface lowers penetration by 0.08 cone diame.e-s.

4.5.5 L MATERIAL, THICES AND MASS. rather :han use
less dense material for liners an efficient way to reduce liner
weight would be to design a more efficient chsrge configuration.
The metals most used in liners are aluminu, steel, and copper.
By using a liner material of high density or by increasing the
liner thickness it is possible to increase the jet mass per unit
length. By decreasing the mass per unit area of the liner it is
possible to increase the jet velocity.

The conditions for maximum destructiveness and those
for maximum penetration are incompatible. The designer must seek
the most satisfactory compromise. When 1- density materials are
used for liners the destructiveness attained is maximized but at
the expense of the depth of penetration. As of 1958 the only low
density material which performed satisfactorily was alu-inum. 3
Two ..-ys to make up for the reduction of penetration resulting
from the use of low density alurl_-m, are (a) peripheral initiation
and (b. doubla angle I.iners.

Liners of high density meta.ls tend .*o air.e the
penetration dcp.. at the expense of destructivenesd, but if maxi-
mum destruction is requirfi$ w4thout regard to penetration, it can
be accomplished by reducing the penetration to a point _-1ere
defeat of the target is assured. This, at present, is the eda.-r
approach.

Curves showing y..netration vs wall +hickness are fre-
quentl. unsymmetr•±ce-. Figure 4-15 1l.strntes penetration with
vari•:as wall thicknusses. D!nenslo:,v ;.---taining to the shaped
charge tested can be fouzv in reference 4-3.3.
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Conical liners with tapered walls have been studied at
various times. In general, the results indicate that no signifi-
cant improvement of penetration performance can be achieved by use
of a tapered wall thickness 4"4O. The data do show, however, that
rather wide tolerances may be placed on the variation in wall
thickness beween the apex and the base without reducing penetra-
tion, provided the wall thickness is held constant at each trans-
verse section of the cone.

Cone thickness, for best performance, is primarily a
function of cone apex angle and charge confinement, but other
parameters play lesser roles. Optimum liner wall thickneso
increases wý.th Increasing cone angle and with inz-easing con-
finement oi the explosive charge. Generally, .he optimum liner
wall thickness varies between 2 and 4 percent of the base dia-
meter. Work has been done using cone thicknesses as hi•. -
18 percent of the base diameter. Thicknesses of axrcx.tely 6

percent are generally used in warheads that are fired aga±,rst
aircraft at long standoffs.

Liner walls thicker than optimum show a slight decrease
in penetration. Liner walls thinner than optim- are character-
ized by inconsistent penetration and an overall decrease in pene-
tration4"As. Penetration. wll increase to a maximum as the liner
thickness is decreased, at which point the manufacturing imper-
fections become more important and further decrease of the liner
thickness results in less penetration.

4.5.6 WAVE SHAPING. Wave shaping is a method of improving
shaped charge performance. Its purpose is to invert the detona-
tion wave and cause it to strike the cone wall at decreased angles
of o. _.quity. Wave shapers are placed between the detonator and
linerr. The base of the wave shaj~er is generally located -mmedi-
ately behind the apex .f the cone. Wave shaping can be accom-
plished by inert fillers, voids in the explosive charge, or other
explosive fillers.

Solid cone-shaped !rnrt fillvrs of glass or steel have
prodced 20 percent deeper penaetration; without loss of
volume'15. It was found that cone-snape± inert fillers, with a
base-to-altitude ratio of t-wo, ;erfom -well with st1..., r-
in performance for slightly different ratios. The diasmter of
the wave shaper is sliglhtly less thz. that of the charge. Wave
shapers: au be deslgj- d so that the dsto:"atton wave pasnes directly
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through the fillar which produces wave refrt-tion, and thus the
end result is a considerable imprtvement in penetration without
loss in the hole volume.

Peri-pheral initiation is another meth-d of wave
shaping, however, the actual improvement attained is aftec ted
considcre~bly by the liner material use ± * Hole yoli"-- hau been
increased as much as 50 percent*-15 . .LlaIaeymetries anywhere
in the charge will decrease penetra~tion. Results fran peripheral
initiation are not consistenft; therefore, sc-ie. other method;- of
initiadion should be used. More consistent results can be
obtained with point-.initiated charges and, in addition, t),-
type cha'rvý is easier to manufacture. Figure 4-1.6 illustrates a
rnumer of LLifrerent wave Phaping configurati~ns.

COKONESAMI FIR VOIDS

WOpOAL Kamm PWHIRNAL IWATIATON

F== Is2 ZUWSXY VAVI Wr
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4.5.7 CORE APE ANGLE. Cone amex ang.es play a very impor-
tant role in shaped charge perfo:zAnce. When selecting a coneangle for a shaped charge it is important to consider both perform-
ance and manufacturing problems involved. There are. data avail-
able which show optim•u, standoff increases with increasing coneapex angles up to approximately 650; optImi standoff then decreases
as the apex angle is increesed. (See -igures 4-17 through 4-20.)
However, the opti'-- standoff is also dependent •.pon the cone
material, wall thickness, and charge lenct*h'5.

Cone apex angles from 40 to 60 degrees give good perform-
ance at the standoff usuallir "asociated with surface targ-4.-.; that
is, two T.c four cone diamesters. Increased r .ration can be
achieved with good quality cones, utilizing L.11er cone anglee of20 to 30 degreen, at standoffs below approximately two cone a.it-
meters. This is particularly true with copper liners Fir-
ure 4-17). Performance from cones with smaller w;ex nn,.es give
cnly moderate improvementý in performnce4 'x. 1his smal, advantagein performance would usually be outw.ighed by the tightening of
mam-facturing tolerances. There are &qple experimental data which
show improved penetration at long standoffs, for cones with apexangles of 80 to 220 degrees or more4' 15 . Cones with apex angles of
80° to 120e are recommended for use against aircraft at standoff
ýIstances on the order of 100 feet*'5.

4.5.8 LINE SHAPE. Liners and cavities of different configura-lions reart in Uifferent way.-. For example, hemispherical liners
appear to turn inside out with most of the cone material being pro-
jected in the jet. On the other hand a conical liner collapsesfrm the apex and projects approximately 20 to 30 percent of the
cone material in the jet. Most work is done with conical linersbecalse they give the most consistent results. This is true because
it 3-a been more difficult to maintain close tolerances with shalsother than corical. Daoubbe a.wle cunical liners are being studled4"13.
Figure 4-21 shows a double angle liner where the upper and -owerportions are conical and are connected by a clrcular f:.-ring curv_.
Penetriition for this type liner, at the two tanndoffs tested4" 3

,
compare favorably -.th the maxima of peripheral IrItiatiori. Whendouble angle cones were beizg developed it was found t-', there .;.sno increase in penetration when a abrapt change is ina'te from m
angle to another.
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4.5.9. ==O PTBC FA-JB" -IS The spit-
back vabe, used with certain types of f~z'ng, Is a sairs I tbe that
is attacked to t.he apex end of the ccoe, dxter•.rg away frcti the
cavity. Me portion of +the liner apex ---side tlhe spit-back .tube
is removed. Results frozm tests with cnr.afine'. M3A1 cores show
little change in penetratian or a slig±ht ecrekse. Data from
tests with cc-•pper l'ners in. coorfnlra Cnerges w1th spit-back -tubes
show• ±creasee ±n penetration he ro 2. percent e.ere" is no
effect upon cptln standoff or cptl -all thickness. It Is
easier to -a&facture cones w..th a short s;.t-back tube aria to
-.antain close tolerances than it is to nanufacture cones with a
sharp cone apex argle. la addition, less d.lfficulty Is Lz.-±nt--red
'L o • : .. x-nd charges when -it-bac i-".&. are used.

Satisfa.ctory performance can be obtained with tures
havi-nrg & d4i•eter between ZO to -0 percent of th&t o " - co-e.
It is ccmon procedure to specify har±-d.orwn -:qer rio;ng with
wall thickness ranging fro O.C60 to O.C65 inches for spit-back
tu 4 1-1.

4.5.10 ALIG(E OF CCKE AM• WGE (L . Fo best performance
the axis of the cone A4 ex plosive charge sh,7uld coincide. Tilt
of a limr results in reduced penetr•tion. Tilts up to two
degrees bavs given sme good penetrationas, but in general tilting
the !inor one d*gre reduces a-erasge pen•tration 50 percent*'s.'
MIsaJ.Igt =-u. cf the cone are. charise aes, where the axes a•
parausle but of se-t, results in reduced penetration. In a part-
cul~ar Instance, an offaet of s:..j 0. .rnch (1 percent of "the
be diam.ter) reduced t.he ;.ene-t.mt.on abc.z 20 percen1 5 .
Becase of the poor resultz. ota.•sd froim t.'It and offset of'axes
it is ipcztsat that charges '.e ±rtipected after alssembly.

4.5.11 f."A2XD=F .7=.11:. stndoff distance is one of the
soet jpcrtant fsat.;.r. govrnrlrg the depth of penetration for a
given saped, ch-rge warhead. A properly dasigned warhead maut
provide correct standoff dIstance - allow ,utf*cte-. tip* for
the rfze to tf..• ton properly and tVe formation of a at of
proper density, tusb ,,x;..4r t•he postsibility of tar-vt penctre'.
tion. The Cekrsience of penetration depth upon rtanl;f is &LYwv
In Faujres 4,.I7 ttrouah 4-20.

4.6 5CA• SHAM C1=RS

Tht Balllsi,. %seaesrch A&Lnraorý..js *-If* ir~wetlgated jelta &~
duc i from three conical coQ.7er 1,A,., scasJ4 in al! linear dlmi@,-
siTae, having an "Y -A ,le of 42 degrees. Tht dinansions of the



scaled charges investigated are -roserited in Fi-Tw~e 4-22. T1he BRL
study was carried on to deternime the effect of charge size upon
jct f~lght and jet penetration characteristics. Effective pene-
tration by a jet ceases vhen the pa~rtclt2 velocity' drops slightly
below 0.2 cz/iicrosecondP'17 . Based on this cr.LLerlon BtL did not
take masuremnts of jet particles below this 1lower velocity lImit.

?Asults from thes" tests, with the three chm 4--s Just merp
tiorne, sho that scaled shaped charges ptoduce scaled penetration
depths at scaled standoff distiarces * Jet voi~ocities, penetration
velocities sand relative penetration depth* are the sam at
scaled tiams during the penetration proceas. In a~dditi on, radlo-
graphic -raz-vwt1 on disclosed that J~ets from s.A(-ed ccmizal liners
in scaled charges produce approximat~ely the cw.m~ber ofr't
cdes after breakup is comp~leted. The" tests revealed that the
average particle leng-th scales directly as the charge ý- e -
tlitt the average particle diameter varies directiy as tne charge
size so that the averaeg particle volumm sand ase var7 an the cube
of the charge size 4-a

Figures 4-23 through 4-25 illustrat, part of the experimentAl
results )f testing performed with the three scaled copper conical
l~ine" mentioned unde this secti on. In these figures x repro-
"as~.t the distance from the Inside come apex to a particular cir'.
cuaferential rir~g elmmnt on the inside Uim surface; h the
total cone hel!ht; t a particular time; D come diamter. Standoff
distance for these test vs e three cone dI8terS.

4.1. W. A. Cook, Ma Scien~e o~f RIah fylosives. lhinhold Pub-
2iahiz Corporation, 1.958

4-C. 0. Birkhoff, D. P. Nacr=ALZl, Z. M. Pugh, and Sir 0.
U.ylor, hpo.;-t ~ta 'Aned Cmvities,* jo.rnJ.1 AW'JIed

4-3 T.J. Xicbelberger and 1. N. PýMh, *U *r~-nrtma~ Verifics-
týoa of t.. T%*my of Jet ?Fzatica by Cha~rges with Lined
Comical OLVZtis,* J1 ?,nnl of .trv'!ied ptwuica2 13 12W,

4-4. r Irsstm ,ofZmgeuP1 on 3all'.j Ma.rgo, 3.13 !8*1c

(a) J. 3cm and L. Zemav, -14 -- iRaeEatct
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(b) W. T. Auzgust and A. D. Solem, 'd3haped Charge Effects
Attributable to the Lyplosive Ccznponents," 180-1 91,

(c) H. Winn, "The Present Statitz of the Artillery, Azmmuni-
tion Program at the Firestone Tire and Rubber Company,"

4-5. Section, Design for Terminal Efrects, Ordnance Corps Pamph-
let ORII 20-245 May 1957, C0IFI-rIf!TALU
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